Field test experience gained at existing photovoltaic test'sites is discussed. These sites include a 25 -kW peak power system at Mead, Nebraska, a 12 -kW peak array at MIT/ Lincoln Laboratory, a 1.6-kW peak PV power system at the Chicago Museum of Science and Industry, and several small ( 100 watts peak) arrays located in various urban and rural sites. All of these systems were constructed for the U.S. Department of Energy by MIT/Lincoln Laboratory. Data are given on failures which have occurred in the field and on the frequency of unscheduled outages. Also, information is presented concerning the environmental extremes to which the systems have been exposed. Operating experience gained from these projects is discussed in the contexts of storage, reliability, safety and cost. Finally, some projects which are currently in the design stage are discussed. This includes a 1 00-kW peak power system which will serve the entire electric load for the Natural Bridges National Monument in Utah, and a 10-to 20 -kW peak power system which will power a small AM radio station located at a site yet to be determined in the North Central/North East region of the United States.
BACKGROUND
Under sponsorship of the U.S. Department of Energy (DOE), research and development of terrestrial photovoltaic (PV) power systems is being vigorously pursued (1) . The result sought is the eventual *This work is sponsored by the U.S. Department of Energy.
widespread utilization of such systems in a broad range of applications, ranging from special, remote units such as microwave repeater installations to on-site usage in residences, and even possibly for central station generation of electricity. The permissible price for PV systems, that is, the price at which they become competitive with other sources of electricity, depends on a variety of factors, the most important ones being the type of application, the PV system's useful life and the expected real (beyond inflation) future cost of alternative energy. Obviously, the remote applications of PV will enter the market first, and in fact have already done so. Typical present-day capital costs for these systems are approximately $25,000 per peak kilowatt (2) , which result in an energy generation cost (based on a 25 year life and 8E interest rate) of approximately $1.50/kWhr. These high costs point up the basic economic problem which is faced today by the photovoltaic community. In comparison, the cost of electricity as supplied to a homeowner by a utility company is typically in the range $.05-$.10/kWhr; and the capital investment made by the utility for generation equipment is less than $1,000 per rated kilowatt. Thus, it is seen that relatively enormous reductions in cost for PV systems must be achieved if they are ever to be competitive with "conventional" utility generation systems.
On the positive side, it should be noted that considerable progress has already been made during recent years in reducing the price of PV equipment. For example, the price of PV modules, which today comprise more than half the cost of a PV system, has dropped as shown in Figure 1 , mainly as a result of efforts by DOE in their Low Cost Solar Array Program (4). FIGURE 1 -Source: (3) Even larger reductions in solar cell costs are expected as is indicated in Figure 1 . The cost of silicon solar cells is expected to drop from $10 per peak watt in 1978 to about $.50 per peak watt in the mid 1980's (1) . If this price reduction is achieved, the utilization of PV will be enormously accelerated, because they will then be able to enter the U.S. residential market, according to economic studies done recently by the MIT Energy Laboratory (5). This is not an isolated prediction. For example, other economic studies (6) project that PV systems will be competitive in this same time period in largescale U.S. agricultural applications where irrigation comprises a large portion of the load. Other studies predict that PV could be used even sooner (i.e., at higher prices) by the developing countries for smaller scale irrigation (7) . In this case, PV module prices as high as $3.00 to $10.00 per peak watt would be competitive with the more conventional systems of today which utilize animal (including human) muscle power extensively.
From this brief overview, it is seen that the costs for PV components and systems are currently high but are dropping rapidly. Moreover, the expectation is that even greater cost reductions will occur during the next ten years, which will permit them to be used in applications which represent significant energy consumption in the U.S. economy, such as, agriculture and residences. Because of the rapid pace of the U.S. photovoltaic program, it is essential that field testing of experimental PV systems be initiated as quickly as possible. In this way important data can be obtained to verify assumptions made in economic studies regarding reliability, life, need for maintenance and repair, and other technical issues which affect cost. Also, institutional information can be obtained concerning aesthetics and acceptability; safety; jurisdiction and applicability of codes, standards and labor unions; and actuarial data for insurance purposes.
Accordingly, MIT/Lincoln Laboratory initiated a program for the Department of Energy three years ago for fielding, instrumenting, operating and acquiring performance data on experimental PV power systems. The principle role of the project is the acquisition of data in the broadest sense -technical, institutional and economic -from a spectrum of applications and operating situations.
In this paper the various existing and planned field test systems will be described, along with the type of data acquisition systems employed. This is followed by a discussion of some topics which are important to successful development of PV power systems.
DESCRIPTION OF FIELD TEST SYSTEMS
MIT/Lincoln Laboratory is in its third year of field testing PV power systems for the U.S. Department of Energy. This activity is known as the Solar Photovoltaic Field Tests and Applications (FT&A) Project (8) . A variety of both large and small experimental PV systems have been and are being built for use in several application areas. These systems are summarized in Table 1 . In keeping with the engineering character of the FT&A Project, the test systems are heavily instrumented and are periodically inspected to detect changes induced by exposure to the elements and to the operating environment. The type of data acquisition equipment in use at the larger (>1.6 kW pk) test sites is typified by the schematic for the 25 kW peak Nebraska PV system, shown in Figure 2 . This data system includes a telephone communication channel to Lincoln Laboratory for purposes of transmitting data directly from the field site to the main computer system at Lincoln Laboratory in Lexington, Massachusetts. The system presently monitors 170 out of the 200 available data channels and is capable of accommodating as many as 750 channels. A detailed description of this and other data systems in use by the FT&A Project is given in (9 In August 1977, the Museum of Science and Industry in Chicago opened a new display, entitled "The Energy Laboratory," which was funded by DOE (then ERDA). This exhibit depicts all known energy conversion processes. The electric power for the exhibit lighting is derived from a photovoltaic power unit which is located on the roof of the museum ( Figures  3,4) . A total of 1.6 kW peak of solar cell modules was provided from DOE's Low-Cost Solar Array Project.
FIGURE 3
This system utilizes an unregulated battery charger, which is feasible because both the charging rate and the array were sized so to prevent the possibility of overcharging at all times.
The photovoltaic power system was turned on for the first time in mid-August. Since then, the performance of the system has been monitored under incident sunlight conditions. The data were then adjusted to allow for the difference between the actual illumination and the reference (100 mw/cm2) value; the theoretical and experimental values were then compared ( Figure 5 ). The Chicago PV power system is periodically subjected to a detailed inspection. No failures of any type have been found, although some delamination was noted in the silicone adhesive used in encapsulating the cells (10) .
PV AGRICULTURAL TEST BED
In the United States, the first step towards the realization of large-scale agricultural systems It is the largest solar cell-71 1 _ powered system ever constructed and has been operating '^ 4 successfully since turn-on in July 1977. This experiment will test the application of solar energy to a variety of agricultural tasks, including irrigation, crop drying, and on-site fertilizer manufacturing. FIGURE 4
During the summer of 1977 and 1978, this unit powered a 10 horsepower pump that was interconnected with an automatic gated-pipe irrigation network and a reservoir of two acre-feet capacity. It was designed to irrigate 80 acres of corn 12 hours a day at the rate of 1000 gallons a minute. In early October after the end of the irrigation season, the power was switched to nearby corn-drying bins where a forced-air drying technique was tested utilizing photovoltaic-powered circulation fans.
Two grain bins (visible in upper right corner of Figure 6 ) each equipped with a 5 horsepower fan, were set up near the solar collector to dry the crop. Electricity generated by the solar unit was used to power the fans for in-bin drying of the grain. Additional information on the Nebraska system is given in (6) and (11) through (14) .
FIGURE 6
The Mead system continues to exhibit extremely high reliability. Since becoming operational in late July 1977, the 2200 PV modules which comprise the 25 kW peak array have experienced relatively few electrical problems. To date (October 1978) only six of the 2200 modules have failed to deliver electrical power, and this small amount of degradation is essentially unnoticeable in the total energy delivered by the system. Also of interest is the relatively low frequency of occurrences of unscheduled outages for the Mead system. During the period November 1977 through May 1978 the PV system was utilized 1750 hours, and during this period it failed to function three times. In comparison the local electric utility service was down 17 times during that same period. Although encouraging, caution must be exercised in extending these statistics over a 20-year period, whict is the minimum lifetime sought for PV power systems.
Useful information was also accumulated at the Mead site regarding snow shedding by the panels. As shown in Figures 7 and 8 , the 28 eight foot by twentyfive foot panels at the Nebraska agricultural field test site were deployed at various angles in the range 15 to 65 degrees above the horizontal. The photos in Figures 7 and 8 were taken just after a four-inch snowfall and five hours later, respectively. The three panels which contain the most snow are at angles of 15, 25 and 35 degrees, and the three relatively clear panels at the far end of the array are at angles of 45, 55 and 65 degrees. This limited experience suggests that angles of at least 35 degrees will provide snow shedding. This is not a serious restriction because most PV panels sited at U.S. latitudes would probably be installed at even greater angles, particularly if electric energy collection in the winter months is the major criterion. However, considerably more data are needed to better define the limits. Figure 9 shows how wind can create strange snow patterns on PV panels. This kind of information is important because an entire string of PV cells can be rendered inoperative if a single cell is blanked out by a sufficiently opaque layer.
In contrast to the 25 kW Mead system, the Field Tests and Applications Project is also developing extremely small (<1 kW), so-called micro-irrigation systems. The use of photovoltaics for these small water pumping systems is of considerable interest today because the potential exists for an extremely large market to develop for such systems within the next few years. This market will be provided by the developing countries' needs for alternatives to animal and human muscle-powered pumping systems, as was discussed previously. As is shown in (7), the energy cost incurred by irrigators using animal (and human) power in developing countries such as India are extremely high by U.S. standards, ranging from $2 to $50/kWh. Small diesel-powered systems might also be supplanted by PV systems in these regions because of direct operating cost advantages accrued by decreased logistics problems relating to fuel delivery and engine maintenance and repair (15) .
Finally, the use of PV in developing countries is attractive because the developing countries do not have utility grids, and the modular character of PV permits it to be used in a dispersed manner (16).
A prototype micro-irrigation system under development at MIT/Lincoln Laboratory is shown in Figure  10 . The solar panels are mounted on a metal wheelbarrow frame for ease in transporting the system to the small agricultural plots where it would typically be used. Another array concept is also being studied which will utilize low concentration ratio collectors.
FIGURE 10
Work done to date by Matlin (17) on these microirrigation systems has shown that there is a compelling incentive to increase the efficiency of the electric motor and the water pump, even if accompanied by a disproportionate increase in cost of these components. The reason for this is that these comprise a small percentage of the total system cost, most of the cost being incurred by the PV arrays; and, therefore, strong economic leverage on array cost reduction is afforded when additional dollars are spent to increase motor/ pump efficiencies.
The optimum motor/pump efficiency for a subkilowatt pumping system is shown in Figure 11 , as a function of array costs per peak watt. This curve was generated using data on currently available motor/ pumps to determine the relationship between efficiency and cost for the motor/pumps. The data show that cost increases rapidly as the efficiency passes 50%. Nevertheless, it is seen that above $4/peak watt the lowest syste m cost is obtained by utilizing motor/pumps of much higher efficiency (and cost) than that considered for normal commercial installations. One other way to enhance the overall system efficiency is to utilize a maximum power tracker. It is estimated that a maximum power tracker would cost between $50-$75 in large quantities for systems under 250 watts. Assuming the efficiency of the maximum power tracker (output to input) to be 95%, the overall system efficiency would then have to be increased by the amount shown in Table 2 to be cost effective. Whether the efficiency can be raised by the amounts indicated for array costs of $2/watt is presently under study. The micro-irrigation systems being developed at Lincoln Laboratory will be tested at the Mead site during FY-79. After this, they may be tested at foreign sites by the World Bank.
LINCOLN PV SYSTEMS TEST FACILITY
Testing of photovoltaic power systems at MIT/ Lincoln Laboratory is broken into two categories: small-scale system developmental testing, and large or full-scale systems testing. The small-scale testing is concerned with development of new control methods or checkout of new components such as inverters, peak power trackers, or battery chargers. Usually array sizes less than 1 kW peak are used for these tests in order to minimize expense and time. Testing of this type is being carried out at MIT/LL's Rooftop Test Bed (Figure 12 ). Further information on the use of this facility is given in (18) .
LINCOLN PV TEST FACILITY
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FIGURE 12
As in the case with the Nebraska array, the performance of the rooftop array has been excellent. The rooftop system has been fully operational since October 1977, and as of the time of this writing (October 1978) only 10 out of 1100 modules have failed to deliver electric energy.
Larger scale system testing will he carried out at an extensive system test facility presently being constructed at the Hanscom Field test area ( Figures  13 and 14) . The system will be ready for use in January, 1979. This facility is located approximately 2 miles from the main Lincoln Laboratory complex. The facility will be used to set up full-scale components and systems and exercise them under various insolation and loading conditions prior to installation at field test sites. The first usage of the facility will be for testing prototype residential PV power systems. The residential system will feed a typical diversified electrical load comprising a stove, refrigerator, electric dryer, air conditioner and electric lights. The stove and dryer will represent high power loads to the photovoltaic power system while the electric motors found in the refrigerator, air conditioner and dryer will represent loads which are susceptible to problems arising from harmonic impurities in the AC waveform. Residential tests at this facility will be conducted over a one-year period with data collection again directed toward measuring long-term performance on the full range of PV power systems for residences. This includes single and multi-family units, mobile home systems and large units which would be utilized in apartments or planned urban developments (PUD's). It also includes testing of hybrid (lowtemperature thermal and PV) collector systems. Information obtained from these test areas will bridge the gap between analytic studies and implementation of field test hardware by systems contractors and manufacturers. By providing facilities at which PV equipment suppliers and users can see photovoltaic power systems in operation and learn of techniques which have been encountered, the risks of installing unproven system concepts into field test sites will be minimized, and a method provided by which technology transfer to both potential suppliers and users is enhanced.
REAL-TIME ENDURANCE TESTS
During the summer and fall of 1977, four realtime endurance test sites were established at northeastern locations as listed in Table 1 . As described in (10) , measurements of PV module output before and after several months' exposure and before and after module cleaning have shown that:
MOUNT 1. Modules in urban sites tend to Lose about twice as much power from dirt accumulation as do modules in rural sites; and, 2. Modules with glass covers do not become as soiled as those with exposed silicone encapsulant surfaces and are also more easily cleaned.
A typical urban endurance test site (at New York University) is shown in Figure 15 . Of special interest is the test site located at the summit of New Hampshire's Mount Washington ( Figure 16 ). As noted in the statistics shown in Figure 17 , this relatively low altitude peak bears the dubious distinction of having the worst winter weather in the world; and it was for this reason that a unit was placed there. The same system is shown covered with an accumulation of snow and rime ice in January 1978 (Figure 18 ). This situation persisted for over 2-1/2 months before the weather conditions abated and the array became uncovered. Electrical measurements showed that the panels were unaffected by this severe weather test. It is also worth noting that this array was exposed to wind gusts up to 133 MPH during the winter of 1977/78, and the only damage noted was two localized impact zones in the encapsulant on one of the modules. This was believed to be caused by wind borne ice projectiles. No effect on electrical performance resulted. Since the winter of 1977/78 subjected New England to some of the worst weather experienced in over 100 years, these tests provided confidence in the durability and reliability of PV systems.
FIGURE 15 FIGURE 18
THE NATURAL BRIDGES NATIONAL MONUMENT 100 kW SYSTEM A PROTOTYPE LOAD CENTER A 100 kW peak PV stand-alone system will be installed at this remote park, which is situated in southeastern Utah. Back-up power will be supplied by diesel electric generators, which currently provide all of the electrical power for the park. By the fall of 1979, essentially all of the electricity will be derived from solar energy. As of this writing (October 1978), proposals for the PV power system and for site preparation are being evaluated by MIT/LL and the National Park Service, respectively. Further information of this project is given in (19) and (20) .
DISPERSED PV APPLICATIONS -A PV-POWERED RADIO STATION
The intent of this task is to develop a field test system based on concepts which, when physically realized in production quantities, will promise low cost for relatively small ( 20 kW) systems. The key criteria for such a low-cost system are believed to be the following:
•
The loads match well to the diurnal solar input, thus minimizing storage; • -The PV power system components and subsystems are factory produced (as opposed to siteconstructed) and installed at the site with an absolute minimum of site work; • -The loads are primarily DC, thus eliminating or minimizing costs for DC-to-AC inversion; • -The application is one for which the PV system design is not strongly driven by aesthetic and architectural considerations (as is the case for say, residences); and • -The PV system design is suitable for use in a variety of applications with little or no PV system design changes required, thus enhancing price reductions arising from accumulation of manufacturing experience.
Studies performed by Katzman and Nichols (21) indicate that a good candidate application is daytimeonly AM radio stations. There are about 2,000 AM stations in the U.S. which operate during the daylight hours only and which have transmitter power requirements in the range 250 to 5,000 watts. The use of PV for AM (as opposed to FM or TV) systems is especially attractive because the AM stations possess relatively large expanses of open land beneath their transmitter towers for providing an electrical ground plane and for siting their tower guy wires. This area is more than sufficient for a PV array. In contrast, FM and TV stations are more commonly located on building tops in urban areas because electromagnetic propagation at these wave lengths is limited to lineof-sight. As a result, the applicability of PV is not as good because of lack of suitable area for siting the arrays.
MIT/Lincoln Laboratory is presently (October 1978) evaluating responses from candidate radio stations which desire to participate in this project. Turn-on of the system is planned in the summer of 1979.
INFORMATION GAINED FROM FIELD TESTS
In this section some of the results obtained from the field test projects will be discussed in the contexts of storage, reliability and safety, and balance of plant costs.
Storage for PV Power Systems
In (12), Bucciarelli, et. al ., discuss problems relating to the battery storage system at the Mead, Nebraska, site. For this system, storage batteries providing about 75 kWhr of storage are housed in a well-insulated trailer. However, despite the good insulation, considerable thermal energy is required in winter months by the battery trailer because of the need to ensure adequate space venting and thereby disperse any hydrogen gas liberated during charging of the batteries. The space heating energy consumed by this trailer is sizeable indeed. If it had been supplied by electric resistance heating with the electricity supplied by the PV array, the PV system would in some instances not be able to meet even this overhead load, let alone serve its intended purpose of providing electricity for agricultural purposes. This is shown in Figure 19 , where the battery trailer heating requirement is plotted as a function of heating degree hours per day. Also shown are samples of electrical outputs obtained from the PV array on selected days. It is seen that heating the battery system consumes a very large fraction of the total output. In fact, on three days the system would actually have operated at a net loss if a standalone system were used. This points up the need for reducing battery system heating and venting to an absolute minimum (or better still, eliminating it) and for exchanging heat evolved by other subsystems (inverters, chargers, etc.) with the batteries to further reduce the heating requirement. This was not done at Mead because it was the first large PV installation and it was felt prudent to isolate the battery subsystem from the other electrical portions in order to ensure site safety. This heat-saving approach is being followed for the Natural Bridges system and others, however. 
FIGURE 19
Reliability and Safet It is evident from the performance data presented previously for the various field tests that the experimental PV power systems are extremely reliable. With regard to the modules, a total of 3650 PV modules have seen field service in the various operational systems noted in Table 1 ; and of these only 25 have failed as of the summer of 1978. This is particularly encouraging in view of the fact that many of these modules were located in regions which experienced very severe weather conditions during the winter of 1977/78. Moreover, the 2200 modules comprising the Nebraska array successfully withstood a severe hailstorm on 19 May 1978. The hailstones ranged in size from 1/4 to 3/4 inch diameter, with a total accumulation of approximately 10-15 per square foot. Evidence of impact on the modules was confined to local marks in the ever-present dust on the surfaces of the modules, and several fractured cells were found, but no degradation in electrical output was noted.
The safety record, while good, is of more concern. At the systems level, no problems or incidents were encountered. At the module level, however, a total of 27 potentially hazardous situations developed because of loss of RTV encapsulant from the modules and resultant exposure of high voltage points. Since all of the modules were carefully inspected and photographed prior to installation at Mead, Nebraska, these conditions are known to have developed in the field. No such hazardous situations have developed at the MIT/LL PV test facility nor at the Chicago Museum, where glass-covered modules were used; which points up their superiority with regard to safety.
Balance of Plant Costs
The operational experience at Mead and design/ development experience for the Natural Bridges and the AM Radio Station PV Projects have provided useful information regarding an important element of the balance of plant costs, namely, the costs for array structures and foundations.
MIT/LL's experiences in field testing PV systems to date indicate that conventional foundation design techniques are very expensive and must be supplanted with lower cost approaches if the DOE cost goals for PV systems are to be met in the future. At Nebraska, where conventional poured concrete foundations and aluminum array structures were used, the cost was equivalent to approximately $3.65 per peak watt. This led to a search for less expensive alternatives for the Natural Bridges system. Accordingly the National Park Service is presently obtaining bids for both concrete foundations and for a novel design (19) , which utilizes treated timbers which lay on crushed rock and which are attached with rock bolts to the underlying sandstone bedrock. The array supports would then be fastened to the timbers. The lowest unit cost estimated for the Natural Bridges array structure and foundations is about $1.40/peak watt. This is a big improvement over the Mead system but is still excessively expensive for PV systems in the mid-1980's, when the total system cost sought is only $1 to $2 per peak watt.
Further cost reductions are expected for the structural and foundation components associated with the AM radio station PV project. The concept is shown in Figure 20 . Concrete blocks are fastened either with bolts or with stainless steel strapping, similar to that used in crating and shipping containers, to inexpensive galvanized steel structural members. The sliding resistance of the blocks will be augmented if necessary by use of steel auger type anchors which are in commercial use for guy wire systems. The prototype unit shown has been successfully subjected to static load tests and to horizontal wind speeds (produced by a parked aircraft) up to about 100 MPH. The foundation and structural costs for this system are estimated to be about $1 per peak watt.
